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Low humidity affects the duration of egg development in the sorghum shootfly Atherigo- 
na soccata. The relationship between incubation period and saturation deficit is hyperbol- 
ic; at 25", the incubation period increases from 2 days in water-saturated air to more than 
8 days in air with 7 mm saturation deficit. Egg survival is adversely affected by log hu- 
midity, and the relationship between egg survival and saturation deficit is affected by 
temperature: mortality increases more rapidly with increasing saturation deficit at 15" 
than at higher temperatures. Observations made in the laboratory and in the field indi- 
cate that egg mortality is proportional to the evaporative power of the air in which eggs 
are incubated (the evaporative power being the product of saturation deficit by duration 
of embryonic development). The protection against desiccation achieved by A. soccata 
eggs through both active and passive mechanisms is an indication of the adaptation of the 
pest to semi-arid and arid environments. 
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The sorghum shootfly, Atherigoiza soccata 
Rondani (Diptera, .Muscidae), is a major pest 
of sorghum in the semi-arid tropics of Africa 
and Asia (Young, 1981). In Kenya, sorghum is 
the typical cereal crop in the Lowlands, where 
precipitation is meagre (less than 900 mm per 
year) and erratic; it is replaced by maize in 
zones with more abundant precipitations (Cob- 
ley & Steele, 1976). As shootfly populations 
remain active throughout the year (Delobel & 
Unnithan, 1981), successive generations un- 
dergo a succession of marked dry and rainy 
seasons, and eggs are subjected to widely vari- 
able temperature and humidity conditions. 
Shootfly egg survival is not affected by the 
heavy rains which occur during rainy seasons 
(Delobel & Lubega, 1983); predators and par- 
asites reduce egg survival, but their effective- 
ness is usually limited (Taley & Thakare, 
1979). 
Temperature and humidity remain the crit- 
ical factors in the ecology of sorghum shootfly 
eggs; the evaluation of the effect of constant 
temperatures associated with saturated air hu- 
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midity on embryonic development has been re- 
ported earlier (Delobel, 1983). The primary 
aim of the present work is to examine the rela- 
tions between incubation in different unsatu- 
rated air humidities and shootfly egg devel- 
opment and hatchability, and to investigate the 
mechanisms which enable the egg to overcome 
the effect of excessively low atmospheric hu- 
midities. 
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MATERIALS AND METHODS 
Rearing procedures for shootfly were those de- 
scribed by Unnithan (1981); adults were ob- 
tained from 3rd-instar larvae collected from a 
sorghum CSH-1 field in Nairobi and fed on an 
artificial diet (Singh et al., 1983). Since egg- 
laying and hatching occur mostly at the begin- 
ning of the photophase (Raina, 1982), condi- 
tions were synchronized throughput the experi- 
ment by introducing sorghum seedlings for ovi- 
position between 8.00 and 9.00 a.m. Pieces of 
sorghum leaves bearing eggs were clipped 
from the plants and placed in plastic petri dish- 
es with pinholes under various temperature 
and humidity regimes, and with 12 hr lightlday. 
6@-120 eggs were used in each experiment. 
Constant saturation deficiencies were main- 
tained in 1 dm3 desiccators filled with 150 cl 
saturated salt solutions; the following Salts 
were used (in parentheses is the saturation de- 
ficiency obtained at 20"): CaC1,.6H,O (12.01 
mm); K,CO, + NaHCO, (10.45 mm); NaNO, 
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+ NH4N03 (8.36 mm); NH4N03 (6.96 mm); 
KCl + NaCL (5.75 mm); (NH4),S04 (5.05 
mm); K,SO4 (1.74 mm). Data corresponding 
to eggs incubated on moist filter paper have 
been reported earlier (Delobel, 1983). 
Embryogenesis was monitdred by examining 
the eggs under binocular microscope every 6 hr 
after they had reached the black spot stage; 
this stage is defined as the time when, under 
transmitted light, melanization of the larval 
mandibles could first be observed; this stage 
was reached in 24 hr at 30". Duration of the 
embryonic development is defined here as the 
period between egg deposition and the time 
50% of the eggs hatched; it was determined 
graphically (Delobel, 1983). Eggs with perfect- 
ly translucent contents were considered as un- 
fertilized. 
Data for the assessment of temperature and 
humidity effect on hatching were obtained by 
incubating the eggs 24 hr at 30" in water-satu- 
rated air (wet filter paper), then transferring 
them to various temperature and humidity re- 
gimes. Details of the different regimes are 
given under the corresponding sections of the 
results. Field experiments were conducted in 
Nairobi. Gravid O O were allowed to oviposit 
on 100 potted CSH-1 seedlings for 2 hr. Plants 
were transferred to the field, and embryonic 
development was monitored daily until all fer- 
tile eggs had hatched. Air temperature and rh 
were recorded on a thermohygrograph placed 
75 cm above the soil in a screened shed. The 
same experiment was repeated 11 times at 1 
month intervals. 
Atmospheric humidities were expressed in 
terms of saturation deficit (SD); SD is the dif- 
ference between the maximum water vapour 
pressure at a given temperature and the actual 
vapour pressure at the same temperature; its 
values are expressed in mm of mercury. Since 
the pioneering work of Buxton (1931) and 
Johnson (1940, 1942), many authors (Ferro 
& Chapman, 1979; Montgomery & Nielsen, 
1979) have stressed that SD was superior to rh 
as a humidity index in situations where differ- 
ent temperatures were involved, since the dry- 
ing power of air at a given rh varies with tem- 
perature. The saturation deficit causing death 
by desiccation in 50% of the eggs was used as a 
measure of the noxiousness of low humidities; 
it was determined by probit analysis (Finney, 
1971) after the normality of the distribution of 
egg mortalities had been tested using Lilliefors 
test. The evaporative power of air (EP, in mm 
Hg x hr) is the product of saturation deficit by 
embryonic development duration; this parame- 
ter, unlike saturation deficit, takes into ac- 
count the effect of time of exposure on egg 
mortality (Wigglesworth, 1974). The rela- 
tionships between saturation deficiency (or 
evaporative power) and embryonic devel- 
opment at different temperatures were deter- 
mined by regression analysis; the follow- 
ing models were tested: y = ax + b (linear); 
y = a + -$ (hyperbolic); y = aebx (exponen- 
tial); y = axb (power); y = a + b Log x (loga- 
rithmic); y = a + bx + cx2 (quadratic). Coeffi- 
cients a, b and c were calculated for the equa- 
tions which gave the best fit to the curves and 
the best correlation coefficients. 
RESULTS 
Durations of embryonic development. The du- 
ration of egg development increased with in- 
creasing humidities; at 25", the relationship be- 
tween incubation period and saturation deficit 
was hyperbolic (Fig. 1): 
D---.o 25°C - 30% L 10 
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Fig. 1. Effect df humidity at 25 and 30: on embryon- 
ic development time. 
1 
(r = 0.954; P < 0.05), 
y = 0.0225 - 0.0021~ 
where y is the incubation period and x the SD; 
at 30°, a similar relationship was found: 
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1 
(r = 0.930; P < 0.10). 
y = 0.0274 - 0.0018~ 
At these two temperatures, the % devel- 
opment per hour (the reciprocal of incubation 
period) was a linear function of SD. Low sur- 
vival prevented similar analysis df data at other 
temperatures. The longest recorded incubation 
period was 196 hr at 25" and a humidity with a 
SD of 7.07 mm; at this humidity, only 8.4% of 
the eggs hatched. At suboptimal humidities, a 
small proportion of larvae often died in the 
process of hatching. 
Egg mortality. Mortality increased with in- 
creasing saturation deficit. The effect on mor- 
tality of increasing SD at different constant 
temperatures during the first part of egg devel- 
opment (up to black spot stage) was best de- 
scribed by a series of quadratic equations y = 
a,, + a,x + a,x2, where y is the % of eggs dying 
before they reached the black spot stage, x the 
SD, and a,,, a, and a, are constants (Fig. 2A). 
Similar relationships existed between SD and 
overall egg mortality (Fig. 2B). The values of 
constants a,,, a, and a2 for eggs incubated at 15, 
20,25 and 30" are given in Table I. 
' 
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The thermohygrogram of egg ,mortality (Fig. 
3) illustrating the effect of various humidity 
and tempeiature regimens. on shootfly egg sur- 
vival confirmed that' the relationship between 
egg mortality and SD was dependent on tem- 
perature: survival was higher at or near the op- 
timum temperature of 30" (Delobel, 1983) than 
at lower temperatures. Above 35" and below 
15", mortality was high, even at high humidity,, 
which is attributable to the harmful effect of 
temperature. 
Correlation between EP  and egg mortality at 
15, 20, 25, 30 and 35" was poor or not signifi- 
cant; however, when pooled, data for the dif- 
ferent temperatures yielded a significant corre- 
lation at P < 0.001; this indicated an almost di- 
rectly proportional relationship between egg 
mortality and EP  of the air in which eggs were 
incubated, irrespective of temperature (Fig. 
Eggs laid on sorghum seedlings and incu- 
bated in the field were subjected to daily SD 
4). 
B 
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Fig. 2. Effect of temperature and air humidity on 
egg survival: (A) during first part of embryonic de- 
veloDment: (B) for whole incubation Deriod. 
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272 A. G. L. Delobel 
10 
8 -  
6 -  
4 -  
2 -  
TABLE I 
Parameters of mortalitylsaturation deficit equations: A - Mortality at black spot 
stage; B - Overall egg-mortality 
- 
0-100 
A a0 a1 a2 
20" 11.9378 -3.9342 0.9152 
25" 22.6332 -8.2793 0.7800 
30" 33.2941 -9.2119 0.5339 
B 
15" 77.9385 -7.0259 10.6956 
20" 3.5140 -5.8195 5.4428 
25" 4.5779 O. 1708 1.7789 
30" 4.8506 -4.5167 1.5203 
I 
100 
10 15 20 25 30 35 
T e m p e r a t u r e  ( O C )  
Fig. 3. Thermohygrograph of mortality for A. soc- 
cata eggs under controlled temperature and humidity 
conditions. Solid line: loo%, dotted line: 50% mor- 
tality level. 
varying from 5 mm during the rainy season to 
10 mm during the dry season. Mortality due to 
desiccation did not exceed 5.7% during the 
rainy season, increasing to 17% during the dry 
season. Egg mortality recorded on each occa- 
sion was plotted against the EP of the air, cal- 
culated on the basis of the theoretical incuba- 
tion period at the daily mean temperature re- 
corded during egg exposure; see Delobel 
(1983) for the equation giving egg devel- 
opment time as a function of temperature. A 
significant correlation at P < 0.001 existed be- 
tween field egg mortality and ambient EP.; the 
R2 Probabilities 
0.9853 P < 0.001 
0.9592 P < 0.001 
0.9171 P < 0.001 
0.9919 P < 0.01 
0.9999 P < 0.001 
0.9587 P < 0.001 
0.9568 P < 0.05 
regression line, however, had a strongly neg- 
ative x-intercept and a less steep slope than the 
line derived from laboratory data (Fig. 4). 
The first part of embryogenesis (up to black 
spot stage) was less sensitive to low humidities 
than the later part. When eggs were incubated 
in saturated air a+ 30" till black spot stage be- 
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Fig. 4. Effect of air evaporative power (EP) on egg 
mortality in laboratory (O) and field (O) situations. 
fore their transfer to various humidities and 20 
or 30", no mortality was observed at black spot 
stage; saturation deficits necessary to prevent 
50% of the eggs from reaching the black spot 
stage were 23.64 and 9.54 mm, whereas satu- 
ration deficits necessary to prevent 50% of the 
eggs from hatching (after incubation in satu- 
rated air till black spot stage) were only 8.06 
and 3.20 mm at 30 and 20°, respectively. As 
expected, continuous incubation in air with a 
saturation deficit increased hatching failure; 
the saturation deficits necessary to induce 50% 
mortality in eggs left at the same humidity 
throughout their development were 6.18 and 
2.76 mm at 30 and 20", respectively. 
DISCUSSION 
The extension of embryonic development du- 
ration at lower humidities (and constant tem- 
perature) results from the depression of egg 
metabolism due to water loss; low humidities 
induce in some insect eggs (collembolans, 
grasshoppers) a dormancy which may last sev- 
eral months (Wigglesworth, 1974). Most insect 
eggs, however, fail to hatch when exposed to 
low humidities for shorter or longer periods. 
The form of the relationship between duration 
of embryonic development and saturation defi- 
cit has been found hyperbolic or quadratic in 
the few insects for which it has been studied in 
detail (Ferro & Chapman, 1979; Montgomery 
& Nielsen, 1979)-. The hyperbolic relationship 
found in the present study at 25 and 30" indi- 
cates a similar effect of SD in A.  soccata. The 
extension of embryonic development duration 
with an increase in SD is greater at 25" than at 
30°, which matches observations made by Fer- 
ro & Chapman (1979) on Tetraizychus urticae; 
the authors suggested that the difference was 
due to an accelerated rate of development at 
high temperatures. Our own results, however, 
suggest that the phenomena are similar at var- 
ious temperatures (hence the same hyperbolic 
relationship), but that this reality i s  masked by 
high mortality levels occurring at suboptimal 
temperatures (Delobel, 1983). 
Our findings on the effect of humidity on 
shootfly egg viability are in accordance with 
the general conclusion drawn by Doharey et al. 
(1977) that shootfly egg survival is reduced by 
low humidity; they found, however, that egg 
viability at 25" was greater at 30% than at 60 or 
90% rh; this observation was not confirmed by 
the present experiments. 
Low humidity increases water loss through 
Humidity effects on Atherigona 273 
the chorion, and resistance to desiccation de- 
pends on the ability of the egg to retain water 
through physical and physiological processes 
against Dalton's law (which states that water 
evaporates from a water surface at a rate 
which is directly proportional to the saturation 
deficit of the air above the water surface) 
(Wigglesworth, 1974). Resistance to desicca- 
tion varies greatly among insect eggs; in the 
crane flies Tìpula oleracea and T. paludosa, 
normal egg development requires a saturation 
deficit not higher than 0.4 mm (Meats, 1968). 
In the black vine weevil Otiorrhynchus sulca- 
tus, saturation deficits higher than 8 mm result 
in 100% mortality (Montgomery & Nielsen, 
1979). Eggs of the blowfly LÚcilia sericata can 
survive saturation deficits of up to 16 mm 
(Evans, 1934). Those differences are most con- 
sistent with the idea that intrinsic resistance to 
desiccation is closely related to the environ- 
ment in which the egg is usually laid, eggs of 
insects associated with humid environments 
having stricter requirements than others: Tipu- 
la eggs, are laid in damp soil, eggs of O. sulca- 
tus in shady places protected from direct sun- 
shine by dense foliage canopy, whereas L. serì- 
cata 0 0 lay their eggs on bare, unprotected 
soil. In this respect, A. soccata eggs are fairly 
well protected from desiccation by their posi- 
tion on the undersurface of the lower leaves of 
sorghum seedlings. 
Sensitivity to air humidity also varies during 
embryonic development. Tsitsipis & Abatzis 
(1980) found that the early embryonic stages of 
Dacus oleae were more sensitive to low rela- 
tive humidities than were the later stages. Fer- 
ro & Chapman (1979) obtained similar results 
with eggs of T. urtìcae. Evidence from the pre- 
sent experiments indicates that shootfly eggs 
are most sensitive to low humidity during the 
later stages of their development (from black 
spot stage to hatching) than during the earlier 
ones. Clark (1935) in Rhodnius and Jones & 
Heming (1979) in Mainestra configurata found 
that low hatchability of eggs incubated in dry 
air was partly due to the desiccation of the cho- 
rion, which became too hard to be broken by 
the young larva. Although hardening of the 
chorion was not observed in A. soccata, there 
is some evidence that larvae weakened after an 
incubation in high SD may remain trapped in 
the dry chorion as they emerge from it. 
The necessity of integrating the effect of 
temperature on the duration of embryogenesis 
with that of humidity on egg survival has been 
. .  
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viously reflects an adaptation to life in a liquid 
environment, which is remarkable in this pest 
of semi-arid zones. 
recognized as early as 1935, when Mellanby, 
commenting work by Märks (1933) on eggs of 
Habrobracon juglandis, showed that mortality 
vaned proportionally with the product of de- 
velopmental period by saturation deficit, in 
accordance with Dalton's law. The linearity of 
the relationship has also been demonstrated in 
the flea Xenopsylla cheopis (Gunn, 1935); An- 
drewartha & Birch (1954) have suggested that 
it is sigmoid rather than linear. Our results 
demonstrate that, at least within the range of 
EP observed, egg mortality in A. soccata is 
proportional with the product of saturation 
deficit by time of exposure. However, as Gunn 
, (1935) pointed out, mortality is no longer pro- 
portional to saturation deficit when eggs are in- 
cubated at suboptimal temperatures; in the 
sorghum shootfly, Dalton's law remains valid 
only in the temperature range 15-25". The 
discrepancy observed .between laboratory and 
field data probably stems from the inaccuracy 
of field humidity measurements, which were 
largely underestimated; also, fluctuating tem- 
peratures and humidities may have effects on 
' 
' 
p 
' 
egg survival different from consant ones. 
In conclusion, A. soccata eggs exhibit a quite 
remarkable adaptation to arid and semi-arid 
environments. Their intrinsic resistance to des- 
iccation, as far as one may judge from the com- 
parison vyith other insect eggs, is relatively 
high. Moreover, certain features enable shoot- 
fly eggs to avoid confrontation with the hostile 
environment: laid on the lower leaves of sor- 
ghum seedlings measuring less than 20 cm, 
they benefit from high humidity levels existing 
just above the ground (Delobel, 1981); the 
form of growth of the sorghum plant, charac- 
terized by an intense production of tillers (es- 
pecially in the wild species) provides as well a 
good protection against excessive sunlight and 
evaporation. The synchronization of hatchings 
with the onset of photophase (Raina, 1982), 
again places the hatching larva in most favour- 
able conditions: as saturation deficit is at its 
lowest in the morning, humidity is usually suffi- 
cient to ensure normal hatching. Also, high 
morning humidity results in the deposition of 
dew on the leaves and the accumulation of wa- 
ter in the leaf whorl; the presence of liquid wa- 
ter enables the emerged larva, which is ex- 
tremely sensitive to desiccation, to crawl on 
the leaf surface towards the whorl, where it en- 
ters the stem. The presence of hydrophobic 
hairs around the posterior spiracles of the 1st- 
instar larva (Shie Shiang-Lin et al., 1981) ob- 
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R ~ S U M E  
Effets de l'humidité sur le développement 
embryonnaire et l'éclosion de la mouche du 
sorgho, Atherigona soccata Rondani (Diptères: 
Muscidae) 
L'humidité a une influence directe sur la durée du 
développement embryonnaire chez la mouche du 
sorgho. La relation,entre la durée de développement 
et le déficit de saturation de l'air dans lequel l'œuf 
est incÙb6 est de forme hyperbolique; à une 
température constante de 25", l'incubation dure 
seulement 2 jours dans un air saturé de vapeur 
d'eau, mais plus de 8 jours dans un air ayant un défi- 
cit de saturation de 7 mm, ce qui correspond à une 
humidité relative d'environ 70%. La survie de l'œuf 
est également affectée par les faibles humidités; la 
relation entre taux de survie de l'œuf et déficit de 
saturation dépend de la température. Des expéri- 
ences de laboratoire montrent que la mortalité de 
l'œuf n'est pas proportionelle au déficit de saturation 
de l'air, mais plutôt à son pouvoir évaporant; le pou- 
voir évaporant est une grandeur qui tient compte 
non seulemept du déficit de saturation, mais aussi B 
la durée pendant laquelle l'œuf est soumis à ce même 
déficit de saturation. Ceci est par ailleurs confirmé 
chez des œufs soumis à des conditions naturelles en 
champ de sorgho. Les œufs de mouche de sorgho 
présentent des adaptations à la fois passives (choix 
de la plante hôte par la O ,  position de l'œuf sur la 
plante) et actives (résistance intrinsbque à,la dessic- 
cation, éclosions se produisant au moment où la 
rosée se dépose sur les feuilles) à la vie dans des en- 
vironnements semi-arides ou même arides. 
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